Chronic pain induced by nerve damage due to trauma or invasion of cancer to the bone elicits severe ongoing pain as well as hyperalgesia and allodynia likely reflecting adaptive changes within central circuits that amplify nociceptive signals. The present study explored the possible contribution of the mesolimbic dopaminergic circuit in promoting allodynia related to neuropathic and cancer pain. Mice with ligation of the sciatic nerve or treated with intrafemoral osteosarcoma cells showed allodynia to a thermal stimulus applied to the paw on the injured side. Patch clamp electrophysiology revealed that the intrinsic neuronal excitability of ventral tegmental area (VTA) dopamine neurons projecting to the nucleus accumbens (N.Acc.) was significantly reduced in those mice. We used tyrosine hydroxylase (TH)-cre mice that were microinjected with adeno-associated virus (AAV) to express channelrhodopsin-2 (ChR2) to allow optogenetic stimulation of VTA dopaminergic neurons in the VTA or in their N.Acc. terminals. Optogenetic activation of these cells produced a significant but transient anti-allodynic effect in nerve injured or tumor-bearing mice without increasing response thresholds to thermal stimulation in sham-operated animals. Suppressed activity of mesolimbic dopaminergic neurons is likely to contribute to decreased inhibition of N.Acc. output neurons and to neuropathic or cancer pain-induced allodynia suggesting strategies for modulation of pathological pain states.
Introduction
Substantial evidence has implicated the mesolimbic dopaminergic reward valuation pathway in both acute and chronic pain states. Pain and pain relief are salient stimuli that produce motivation for protective or escape behaviors that promote safety. 1 Chronic pain conditions are accompanied by adaptive changes within central circuits that amplify the consequences of sensory inputs. How chronic pain influences central reward pathways, including the mesolimbic dopaminergic system, is poorly understood.
Neuropathic pain results from damage or dysfunction of nerves and is chronic and debilitating, often characterized by ongoing pain as well as hyperalgesia and allodynia. Bone cancer pain has been suggested to result from contributions of structural, inflammatory, and neuropathic components that promote ongoing pain, breakthrough pain, and evoked hypersensitivity to normally innocuous stimuli. These conditions are poorly managed with current therapies largely ineffective in many patients. Both ongoing pain and allodynia are important clinical conditions that represent an important unmet medical need and are devastating to the quality of life of patients.
In the present study, we hypothesized that neuropathic or bone cancer pain would produce pronociceptive adaptive changes in mesolimbic dopaminergic neurons. We used electrophysiological, neurochemical, optogenetic, and behavioral techniques to demonstrate that increased dopamine release in the nucleus accumbens (N.Acc.) resulting from the activation of VTA dopaminergic neurons reverses evoked allodynia in mice with neuropathic or cancer pain without increasing threshold responses to physiological pain in sham-operated animals.
Materials and methods

Animals
The present study was conducted in accordance with the Guiding Principles for the Care and Use of Laboratory Animals, Hoshi University, as adopted by the Committee on Animal Research of Hoshi University. Male C57BL/6J mice (8-12 weeks) (Tokyo Laboratory Animals Science Co., Ltd., Tokyo, Japan) and TH-cre (B6.Cg-Tg (Th-cre) 1Tmd/J) mice (Jackson Laboratory, ME, USA) were used in this study. All mice were housed up to six mice per cage and kept in a temperature-and humidity-controlled room (24 AE 1 C, 55 AE 5% relative humidity) under a 12-h light-dark cycle (light on at 8 a.m.). Food and water were available ad libitum. Behavioral tests were performed in the light phase.
Mice were randomly selected for inclusion in each group by cage prior to baseline testing.
Neuropathic pain model
Mice were deeply anesthetized with isoflurane (3%, inhalation). We produced a partial nerve ligation model by using an 8-0 silk suture tightly ligated around approximately one-half of the diameter of the sciatic nerve in the right (ipsilateral) hind paw, as previously described. 2, 3 In sham-operated mice, the nerve was exposed but not ligated.
Electrophysiology
DiI (0.75 lL of 1%; Molecular Probes, OR, USA) was stereotactically infused into the N.Acc. (from bregma: anteroposterior (AP) þ1.6 mm, mediolateral (ML) þ1.8 mm, dorsoventral (DV) À4.0 mm at an angle of 10 ) of sciatic nerve-ligated mice at a rate of 0.25 lL/min. One week after the operation, mice were anesthetized and perfused transcardially with ice-cold sucrose artificial cerebrospinal fluid (aCSF), which contained (in mM) 222.1 sucrose, 2.5 KCl, 1.4 NaH 2 PO 4 , 1 CaCl 2 , 7 MgCl 2 , 27 NaHCO 3 , and 0.5 ascorbic acid (oxygenated with 95% O 2 and 5% CO 2 ). Coronal brain slices (300 lm thick) containing the VTA were prepared with a vibratome (VT 1200S; Leica, Wetzlar, Germany) in cold sucrose-aCSF. The slices were kept at room temperature for at least 1 h before recording in oxygenated standard aCSF that contained (in mM) 128 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 2 MgCl 2 , 24 NaHCO 3 , and 10 glucose.
Whole-cell current-clamp recordings were made only from fluorescently DiI-labeled VTA neurons that were visually identified by using an upright microscope (Eclipse FN1; Nikon, Tokyo, Japan) equipped with G2-A filters. Slices were superfused at $2 ml/min with standard aCSF at 30 C-32 C. Patch pipettes (4-6 MX) were pulled from borosilicate glass (Harvard App., GC150-7.5) on a pipette puller (P-97; Sutter Instruments, CA, USA) and filled with internal solution (pH 7.25 with KOH) consisting of (in mM) 120 K-gluconate, 10 KCl, 10 creatine phosphate, 4 Mg-ATP, 0.3 Na 2 -GTP, 0.2 EGTA, and 0.2% biocytin. Signals were obtained using a Multiclamp 700B amplifier (Molecular Devices, CA, USA), filtered at 2 kHz, digitized at 10 kHz using a Digidata, 1550 analog-to-digital converter (Molecular Devices) and stored using pClamp software (Molecular Devices). To probe intrinsic neuronal excitability, VTA neurons were injected with a 2-s current pulse at 50 pA increments ranging from 0 to 200 pA. The number of action potentials evoked by each current step was quantified. AP Action potentials amplitudes were measured from the resting membrane potential, and Action potentials half-widths were measured at 50% of the peak. The threshold for Action potentials initiation was defined as the beginning of the upstroke of the spike. The amplitudes of afterhyperpolarizations were measured from the spike threshold to its peak. Resting membrane potentials were measured immediately after patch rupture and were not corrected for liquid junction potential. Series resistance (15-25 MX) and input resistance were monitored throughout each experiment.
Immunostaining after electrophysiology
Following electrophysiological recordings, slices were immediately fixed in 4% paraformaldehyde in phosphate-buffered saline. The sections were incubated in appropriate blocking solution and then incubated with primary antibodies (Table 1 ). After washes, the samples were treated with an appropriate secondary antibody or streptavidin conjugated with Alexa 488 or 647. The sections were mounted with ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific, Inc., MA, USA). Fluorescence of immunolabeling was detected using an All-in-One microscope (BZ-X710, Keyence, Osaka, Japan).
Cell culture
Mouse osteosarcoma AXT cells were established as previously described 4 and cultured under 5% CO 2 at 37 C in Iscove's modified Dulbecco's medium (IMDM) (Thermo Fischer Scientific, CA, USA) supplemented with 10% fetal bovine serum (FBS).
Tumor xenograft model
To establish tumor xenografts, AXT cells (1 Â 10 6 ) suspended in 50 ml of IMDM were injected into the right femoral bone marrow cavity of syngeneic C57BL/6J or TH-cre mice. Briefly, the knee joint was flexed to 90 and the distal side of the femur was exposed by incising the skin. A 23-gauge needle was inserted into the bone marrow cavity to make a small hole, into which AXT cells or medium alone were injected. All procedures were performed under inhalational anesthesia with 3% isoflurane.
Virus preparation
We purchased pAAV-Flex-rev-ChR2 (H134R)-mCherry (ID:18916) from Addgene (MA, USA). AAV-Flex-revChR2 (H134R)-mCherry (AAV-Flex-ChR2) was serotyped with AAV5 coat proteins and packaged by the viral vector core at University of Kyoto (Drs R Matsui and D Watanabe). The final viral concentration was 2 Â 10 13 particles/mL. These aliquots of virus were stored at À80 C until use.
Stereotaxic viral injections and cannula implantations
Stereotaxic injections were performed under isoflurane (3%) anesthesia and using small animal stereotaxic instruments (RWD Life Science, CA, USA). Virus (AAV-flex-ChR2) was bilaterally injected into the VTA (from bregma: AP À2.5 mm, ML AE 1.3 mm, DV À4.8 mm at an angle of 10 ), at a rate of 0.25 lL/min for 4 min. More than two weeks after virus injection, mice expressing light-sensitive protein were implanted with an 8-mm fiber cannula (EIM-330; Eicom, Kyoto, Japan) above the VTA (from bregma: AP À2.5 mm, ML AE 1.3 mm, DV À3.8 mm at an angle of 10 ) or N.Acc. (from bregma: AP þ1.4 mm, ML AE 1.5 mm, DV À3.1 mm at an angle of 10 ). To combine optical stimulation with simultaneous microdialysis in the N.Acc., an optogenetics-compatible microdialysis probe (CX-F-6-01; Eicom) inserted into a guide cannula (CXGF-6; Eicom) was implanted above the N.Acc. (from bregma: AP þ1.4 mm, ML þ1.5 mm, DV À3.6 mm at an angle of 10 ).
Optical stimulation
Optical fibers (250 lm diameter; Lucir, Ibaraki, Japan) were placed inside the fiber cannula. These fibers were connected to a 473-nm blue laser (COME2-LB473/100; Lucir), and light pulses were generated through an electronic stimulator (Nihon Kohden, Tokyo, Japan). 
In vivo microdialysis and high-performance liquid chromatography
A microdialysis probe was implanted directly into the N. Acc. (AP, þ1.4 mm; ML, þ1.5 mm; DV, À3.6 mm; angle, 10 ). The probe was continuously perfused with artificial cerebrospinal fluid (0.9 mM MgCl 2 , 147.0 mM NaCl, 4.0 mM KCl, and 1.2 mM CaCl 2 ) at a flow rate of 1 lL/min by a syringe pump (ESP-32; Eicom). Outflow fractions were collected every 15 min. After more than two baseline fractions were collected, mice were subjected to optical stimulation. Dialysis samples were analyzed by high-performance liquid chromatography with electrical detection (HTEC-500; Eicom). Dopamine was separated by column chromatography and identified according to the retention times of a dopamine standard. The amount of dopamine was quantified by calculations using the peak area, and data are expressed as a percentage of the corresponding baseline peak area.
Thermal paw withdrawal test
A thermal stimulus generated using a thermal stimulus apparatus (Model 7360; UGO BASILE, Varese, Italy; model 33 Analgesia Meter; IITC/Life Science Instruments, CA, USA) was applied to the plantar surface of the mouse's hind paw to assess thermal paw withdrawal thresholds. The intensity of the thermal stimulus was adjusted to achieve an average baseline paw withdrawal latency of approximately 8 to 10 s in naive mice. A cut-off time of 15 s was used to prevent tissue damage. Quick hind paw movements away from the stimulus were considered to be a withdrawal response.
Immunohistochemistry
Mice were deeply anesthetized with isoflurane (3%, inhalation) and transcardially perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Coronal brain sections were postfixed and cryoprotected in 20-30 (w/v)% sucrose. Brain sections were then embedded in optimal cutting temperature compound (Tissue Tek; Sakura Fine Technical, Tokyo, Japan), and frozen sections were cut on a cryostat (CM1860 or CM1510; Leica Microsystems, Heidelberg, Germany) (8 mm). The brain sections were incubated in appropriate blocking solution and then incubated with primary antibodies (Table 1) . Following washes, they were incubated with an appropriate secondary antibody conjugated with Alexa 488 or 546. The sections were mounted with Dako fluorescent mounting medium (Dako, Glostrup, Denmark). Fluorescence of immunolabeling was detected using a light microscope (BX-61; Olympus, Tokyo, Japan) and photographed with a digital camera (CoolSNAP HQ; Olympus) or fluorescence microscope (BZ-X710; Keyence, Osaka, Japan).
Statistics
The data are presented as the mean AE S.E.M. We chose the sample size based on similar publications in the field. The statistical significance of differences between the groups was assessed by one-way or two-way analysis of variance followed by the Bonferroni multiple comparisons test or Sidak's test. All statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software). A p value of <0.05 was considered to reflect significance.
Results
Decreased excitability of mesolimbic dopamine neurons under neuropathic pain
Sciatic nerve ligation (SNL) as a model of neuropathic pain resulted in a marked decrease in the latency of ipsilateral hind paw withdrawal in response to normally non-noxious heat (i.e., thermal allodynia) (Figure 1(a) ). In our previous studies, we hypothesized that nerve injury may affect the activity of the VTA-opioiddopamine network. 5 However, it remained unclear whether severe pain including cancer pain could negatively control the neuronal activity of the mesolimbic reward network and whether specific activation of this pathway could reverse hyperalgesia and allodynia related to neuropathic and cancer pain.
VTA dopamine neurons project to the N.Acc., prefrontal cortex, hippocampus, basolateral amygdala, and other regions that participate in the modulation of pain. [6] [7] [8] To label VTA neurons terminating in the N. Acc., we injected DiI, a retrograde red fluorescent tracer, into the N.Acc. on the side contralateral to the SNL (Figure 1(b) to (d) ). We performed patch-clamp electrophysiology for DiI-labeled neurons in the VTA to characterize the impact of SNL on dopaminergic neurons projecting to the N.Acc. We confirmed that DiIpositive neurons in the VTA were dopaminergic by colabeling for the enzyme TH (Figure 1(e) ). We used patch-clamp electrophysiology in VTA slices from SNL-and sham-operated mice to investigate the intrinsic neuronal excitability of DiI-labeled neurons. In response to current injection, the number of spikes in DiI-and TH-positive neurons was significantly lower in the SNL group than in the sham group at all levels of current tested (Figure 1(f) and (g) ). There were no significant differences in other electrophysiological properties of VTA dopamine neurons between the two groups ( Table 2) .
Decreased excitability of mesolimbic dopamine neurons under cancer pain
To produce a tumor-induced bone pain model, we used severe osteosarcoma cells (AXT cells). AXT cells were established in vitro from an AX cell-derived subcutaneous osteosarcoma, which was obtained by overexpression of c-MYC in bone marrow stromal cells derived from Ink4a/Arf (À/À) mice (Figure 2(a) ). The intrafemoral bone marrow injection of AXT cells (Figure 2(b) ) resulted in a marked decrease in the ipsilateral hind paw withdrawal latency induced by normally non-noxious heat (Figure 2(c) ). To label VTA neurons terminating in the N.Acc., we injected DiI into the N. Acc. on the side contralateral to the intrafemoral bone marrow implantation of osteosarcoma cells (Figure 2(d)  to (f) ). After confirming that DiI-positive neurons in the VTA were dopaminergic by colabeling for TH (Figure 2  (g) ), we used patch-clamp electrophysiology in VTA slices from tumor-bearing mice to investigate the intrinsic neuronal excitability of DiI-labeled neurons. As a result, the number of spikes in DiI-and TH-positive neurons was significantly lower in the tumor-bearing group than in the control group at all levels of current tested (Figure 2(h) and (i) ). There were no significant differences in other electrophysiological properties of VTA dopamine neurons between the two groups ( Table 3) .
Activation of mesolimbic dopamine neurons reversibly suppresses the allodynic effects of neuropathic and cancer pain
To investigate a causal link between VTA-dopamine neuron activity and thermal hyperalgesia following SNL, we generated transgenic mice expressing a lightactivated nonselective cation channel, channelrhodpsin-2 (ChR2), in VTA-dopamine neurons and specifically activated VTA-dopamine neurons. TH-cre mice were injected with AAV with the FLEX switch system to express ChR2 fused with mCherry (Figure 3(a) , AAV-CAG-Flex-rev-ChR2-mCherry) (TH-cre/ChR2 mice). Immunohistochemical analysis showed that ChR2-mCherry was expressed in VTA-dopamine neurons (Figure 3(b) ). Next, we performed an in vivo microdialysis study to confirm the function of ChR2 in VTAdopamine neurons. The dialysate dopamine levels in the N.Acc. were significantly increased by optical stimulation of the VTA in sham-and nerve-ligated mice (Figure 3(c) and (d) ). Under these conditions, optical activation of VTA-dopamine neurons transiently reduced thermal hyperalgesia following SNL, but this effect was no longer evident at 2 h after optical stimulation (Figure 3(e) to (g) ).
To specifically activate a mesolimbic dopaminergic pathway projecting from the VTA to the N.Acc. using optogenetics, we performed terminal stimulation in the N.Acc. of TH-cre/ChR2 mice. Immunohistochemical analysis showed that ChR2-mCherry was expressed in the N.Acc. in a subset of neurons expressing the dopamine transporter (DAT) (Figure 3(h) ). Next, we performed an in vivo microdialysis study to confirm that optogenetic stimulation of ChR2 in VTA-dopamine neurons terminating in the N.Acc. resulted in an increase in dialysate dopamine (Figure 3(i) and (j) ). Consistent with our results regarding the optical stimulation of VTAdopamine neurons, optical activation of terminals in the N.Acc. suppressed the allodynic effect of SNL (Figure 3(k) to (m) ). Importantly, optogenetic activation of N.Acc. terminals did not produce any analgesic actions in sham-operated mice (Figure 3(e) and (m)) .
In a mouse model of tumor-induced bone pain, we also investigated the effects of optical activation of VTA-dopamine neurons terminating in the N.Acc. As a result, the activation of mesolimbic dopaminergic neurons significantly suppressed the allodynia induced by intrafemoral bone marrow injection of osteosarcoma cells (Figure 4(a) to (c) ).
Discussion
Chronic pain has been suggested to be associated with a hypodopaminergic state, 9-11 a finding that is consistent with increased and decreased pain in patients with Parkinson's disease or schizophrenia, respectively. [12] [13] [14] [15] In addition, pain is often comorbid with other psychiatric conditions including major depressive disorder that is diagnostically characterized by anhedonia 16, 17 and increased pain sensitivity. 18 Decreased tonic dopamine levels in the N.Acc. have been suggested to underlie a loss of inhibition of dopamine D2 receptor-expressing indirect pathway output neurons that may promote hypersensitivity under pain 19 as well as increased impulsivity. 20 Ren et al. demonstrated a reduction in the spontaneous spiking of VTA dopaminergic neurons in VTA slices from mice with SNL. 10 Here, we found that the firing of VTA dopamine neurons with confirmed projections to the N.Acc. was significantly decreased by SNL, consistent with observations of decreased neural activity of VTA dopamine neurons and decreased dopaminergic activation of the N.Acc. in response to a noxious stimulus in patients with chronic pain. 21, 22 We previously proposed that sustained release of b-endorphin in the VTA in the setting of sciatic nerve injury may lead to the downregulation of VTA l-opioid receptor function, resulting in the increased activity of GABAergic l-opioid receptor-expressing neurons and subsequently the inhibition of mesolimbic dopamine neurons. 23 Indeed, based on the molecular tagging of cFos-expressing neurons, our preliminary data suggest that neuropathic pain increases the number of activated TH-negative (putative GABAergic) neurons (unpublished observation). Taken together, these findings suggest that sustained afferent input from nerve injury may result in suppression of mesolimbic dopaminergic neurons through the activation of VTA GABA neurons. Tumor-induced bone pain is the most common pain in patients with advanced cancer and the most common presenting symptom indicating that tumor cells have metastasized to sites beyond the primary tumor. Although the pain from bone metastases can be treated by multiple complementary approaches, bone cancer pain is still one of the most difficult of all chronic pains to fully control, since the efficacy of commonly used analgesics to treat bone cancer pain is often limited by significant adverse side effects. Little is known about the central mechanisms promoting bone cancer pain. In the present study, we found that the firing of VTA dopamine neurons with projections to the N.Acc. was significantly decreased by intrafemoral bone marrow injection of osteosarcoma cells, which produced tumor-induced bone pain. These findings suggest that tumor-induced bone pain may suppress mesolimbic dopamine neurons, and transient activation of the mesolimbic dopamine system could reverse the tumor-induced allodynia.
The decreased activity of VTA dopaminergic cells in both the neuropathic and cancer pain models is consistent with the likelihood of decreased dopaminergic signaling in the N.Acc. and loss of inhibition of dopamine D2 receptor expressing indirect pathway neurons to promote allodynia. Our studies extend the observations of Ren et al. to reveal that targeting a subpopulation of VTA dopaminergic neurons may enable the selective modulation of allodynia associated with these chronic pain states. Importantly, our data including the sham group show that the activation of VTA dopaminergic neurons does not influence the detection of physiological thermal pain. This finding is consistent with observations in human subjects that reveal that increasing levels of dopamine pharmacologically do not result in the modulation of responses to noxious stimuli. 24 Thus, increased characterization of these VTA dopaminergic cells may enable selective pharmacological modulation of pathological pain, without liabilities of interfering with physiological pain or abnormal consequences of reward including addiction. 
